Introduction
The family of R 6 M 23 (where R -rare earth element, Mtransition metal) structures were intensively investigated in the 1980's due to the discovery that these compounds had the ability to absorb, store and desorb large quantities of hydrogen, and had interesting structural and mag-netic transitions caused by hydrogenation. These types of crystals (isostructural with Th 6 Mn 23 ) are described by the Fm3m space group and contain 116 atoms per unit cell occupying the positions 24e(R), 4b, 24d, 32f 1 and 32f 2 (M). Additionally in the elementary cell, depending on the concentration, there can be up to 100 atoms of hydrogen (or deuterium) occupying the interstitial positions 4a, 32f 3 , 96j 1 and 96k 1 [1] . The determination of hydrogen ordering and accompanying magnetic structures in these compounds is not easy, and interpretation of experimental data can be ambiguous. Many authors write about dif-ferent structural transformations and magnetic properties, depending on the type of R and M atoms and hydrogen (deuterium) concentrations. For example in Ho 6 Fe 23 D
12
(at T = 4 K) the distortion to the I4/mmm structure related to deuterium implementation have been reported [2] , whereas in Y 6 Mn 23 D 23 (at T < 180 K) [3] and Th 6 Mn 23 D
16
(at T < 78 K) [4] it has been observed that hydrogen ordering leads to the crystallographic distortion to the P4/mmm structure, but Th 6 Mn 23 D 30 conserves the parent cubic Fm-3m structure (down to T = 4 K). The transition to P4/mmm under deuteration occurs also in Ho 6 Mn 23 D
22
(at T = 9 K) [5] . Different types of accompanying orderings of magnetic moments have been found in these compounds. Thus it would be interesting to discuss the properties of these compounds from the symmetry point of view. Therefore symmetry analysis [6] was applied in this work to discuss the possibility of behavior of the family R 6 M 23 compounds upon hydrogenation (deuteration).
The analysis was conducted for all positions occupied by the atoms of R, M and D by the MODY 1 [7] computer program, using the options: types of Modes: -scalar for describing changes of probability of site occupation, polar for describing displacements of atoms from equilibrium positions in high symmetry structure and axial for describing orderings of magnetic moments. The symmetry considerations indicate that no representation of the Fm3m space group with k=(0,0,0) is active in transition to the group P4/mmm. Structural transformations described by representation τ 1 belonging to k=(0,0,1) (another arms of this k-vector star lead to another domains of the same structure) lead to such transition. The results show full agreement with predictions of deuterium ordering, but no agreement between predictions given by symmetry analysis and the type of magnetic structure proposed as interpretation of experimental data [4] .
Introduction to the symmetry analysis
The symmetry analysis based on the theory of groups and representations has been applied to the description of the magnetic ordering in crystals for the first time by E.F. Bertaut [8, 9] where the magnetic symmetry-adapted ordering modes were obtained at first, derived from the representation analysis, by the calculation of the basis vectors of the irreducible representations. This method of analysis has been later developed by many other theo-1 http://novell.ftj.agh.edu.pl/∼sikora/mody.htm reticians, for example Izyumov [6] and others. The superstructure, as an ordering of some property of the initial crystal structure, may occur as a result of a phase transition induced by temperature, magnetic field or pressure. Each of the properties of the crystal that is localised on the atom sites may be described by a Wannier function S defined for a set of equivalent positions. It may be a scalar (the change of probability of site occupations), a polar vector (displacements of atoms from the equilibrium positions), an axial vector (the ordering of magnetic moments) or a tensor (the ordering of the quadrupole moments). The presentation of this function in the commonly used frame of coordinates related to the crystallographic system takes advantage of the translation symmetry only. The other symmetry relations are lost in this description. As a consequence, the description of many crystal properties becomes unnecessarily complicated. The presentation of the model structures in terms of the basis vectors (BV) Ψ ν λ of the irreducible representations of the initial symmetry group rather than in the frame of the crystallographic system ( ), properly reflects the symmetry of the problem and provides the simplest, i.e. requiring the lowest number of independent parameters, form of the description of the structure. Thus, the Wannier function S is expressed as a linear combination of the BVs:
where ν and λ correspond, to the vectors k, to the irreducible representations (IRs) of the group G(k) and to the dimensions of the IRs, respectively. The form of the basis vectors and which of the representations are relevant for the phase transition under consideration are directly given by the theory of groups and representations. Here we derive this information using the MODY [7] computer programme based on this theory. It is important to note that the basis vectors have the same translational properties, described by k-vector, as the Bloch functions. The symmetry group G(k) of the k vector plays a significant role in construction of space group representations and it may be a subgroup of the space group G. Consequently, the set of equivalent positions in the group G, the so-called orbit in G, may split into independent sets of equivalent positions in G(k). Thus, one orbit in the group G can lead to two or more orbits in the subgroup G(k). Therefore, the basis vectors may be defined on positions of a given orbit of G(k) in the elementary cell of the crystal as well as in the elementary cell translated by a lattice vector t, which just corresponds to a multiplication by 1 . It should be noted that the set of parameters ν λ is restricted by several conditions. In particular, the resulting physical property related to all atoms should be real. These conditions influence the set of equations satisfied by ν λ . As a consequence the number of the independent free parameters is reduced and strictly determined. Finally, the model contains a clearly defined minimum number of the free parameters and supplies strictly defined relations between the quantities localised on different crystal sites and describing the considered property. Each choice of these free parameters uniquely determines one of the possible models of the new structure that may appear after the phase transition. For each orbit of G(k) the structure models are given independently.
The representation τ ν and the coefficients ν λ uniquely determine the symmetry of the resulting structure, independently of the kind of the property taken into account. The type of the phase transition and the property under consideration is encoded in the form of the basis vectors.
The knowledge about the presentation of positions of atoms and ordered properties in the new coordinate system, related to the elementary cell of the new structure symmetry group turns out to be important for refinement of the structure arising after the phase transition from the diffraction pattern. Since this new symmetry group is the subgroup of the parent group, one set of Wyckoff positions in the parent group often splits into two or more sets of Wyckoff positions in the destination group. The symmetry analysis also offers the possibility to find these relations. Here we derive the information about this splitting by using the SPLIT [10] computer program.
Calculations
The symmetry analysis method was applied to the discussion of magnetic and structural phase transitions in hydride the Y 6 Mn 23 D 23 (Fm3m space group), induced by different concentrations of hydrogen (deuterium) atoms [4] . In addition the results of this analysis can be applied to the discussion of structure changes in all the family of R 6 M 23 compounds. In our analysis the first step is the calculation of possible destination groups for parent space group Fm3m (IT 225) and k = (0 0 0). The symmetry analysis gives opportunity to calculate subgroups of the parent Fm3m (225) group following from IRs τ , = 1 2 10 and ordering parameters c λ -the numbering of representations are given according to Kovalev [11] . The result of the analysis for vector k = (0 0 0) is shown in Table 1 .
The MODY program calculates the so called basis vectors of irreducible representations of a given symmetry group, which can be used for calculation of possible ordering modes.
All transformations of the parent structure corresponding 9 1 ,c 9 2 ,c 9 3 ) P-1 (IT 2) (c 9 ,c 9 ,c 9 ) R-3 (IT 148) (c 9 ,c 9 ,0) C2/m (IT 12) (c 9 ,0,0) I4/m (IT 87) τ Table 2 . The designations S, P and A of the mode types correspond to scalar (the change of probability of site occupations), polar (displacement of atoms from the equilibrium positions in the high symmetry structure) and axial (ordering of the magnetic moments) respectively. Using MODY for calculation of basis vectors and corresponding mixing coefficients (Table 1) we can easily calculate many details concerning all types of modes. In the main part of our paper there are examples with particular calculations of all types of modes for position 32f( ) in R 6 M 23 deuterides occupied by M and D atoms. The quantity = 0 179 used in the tables below concerns the Mn atoms in agreement with [4] . The details of calculations for other positions of atoms are presented in the Appendix. For positions 24e, 4b, 24d, 4a the results are shown for the change of probability of site occupations 24 (Y ) (scalar), displacement of atoms from the equilibrium positions in the high symmetry structure (polar) and ordering of the magnetic moments (axial). We did not calculate axial type of mode for the positions of 96j and 96k because they are occupied by deuterium atoms.
It should be mentioned, that the models of ordering calculated by the symmetry analysis are general and do not depend on particular quantities, but only on the type of Wyckoff position. ∆P , R and M characterize the change of probability of site occupation, displacements of atoms from their equilibrium positions in the high symmetry structure and magnetic moments localized on these positions, respectively. =A,B
For atoms: ff1, f5, f9, f13, f17, f21, f25, f29: R =(-(A+B), A ,B) For atoms: f2, f6, f10, f14, f18, f22, f26, f30: R =(-(A+B), -A,-B) For atoms: f3, f7, f11, f15, f19, f23, f27, f31: R =(A+B, A, -B) For atoms: f4, f8, f12, f16, f20, f24, f28, f32: R =(A+B, -A, B) Table 4 demonstrates an example with particular data of magnetic ordering for set of Wyckoff positions 32f. The authors of [4] studied Y 6 Mn 23 D 23 at 295K (Fm3m -IT 225) where deuterium occupancy and location has been determined for it. They reported that, among several possible space groups the one that provided the best fit to the nuclear structure of Y 6 Mn 23 D 23 at low temperatures (T<180 K) is a primitive tetragonal structure of space group P4/mmm (IT 123). They observed that there was a structural and accompanying magnetic transition occurring around 175 K. Our analysis has shown that for vector k = (0 0 0) no representation leads to the subgroup P4/mmm (IT 123) (see Table 1 ). From symmetry analysis it follows that such transformation is possible for k = (0 0 1) and for the τ 1 representation. In Table 5 it is shown for which type of modes defined at positions occupied by Y, Mn and D atoms the τ 1 representation is active. position type of mode τ
As the result of structure deformations leading to lowering of the structure symmetry each set of equivalent positions (orbits of the group) in the high symmetry group may splits into the different orbits of destination. Such relations when the symmetry group is restricted to the P4/mmm subgroup, for the positions occupied in Y 6 Mn 23 D 23 [4] , are quoted below (Table 6 ). It should be taken into account that the relation between these groups leads to proportion between the corresponding cells equal to 1 2 . Hence the sum of multiplicity of sites in P4/mmm is 1 2 of the corresponding site multiplicity in Fm3m.
Starting group is 225
In this work the SPLIT program was used to determine the splitting of positions. As the example in Table 7 are quoted the splitting results for positions 32f taken from [4] . It is important that the same results are for all positions 32f (32f 1 ,32f 2 ). It means that the calculations do not depend on the values of ( ) in these positions.
When we compare data from Table 4 and Table 7 we can see relations between positions in parent group and in destination group and how magnetic moments are ordering. These relations are shown in Table 8 . Table 8 . Results of comparison of data from Table 4 and Table 7 .
Atoms (number from Table 7) In Table 9 examples of our results for the possible site occupation changes (∆P), displacements of atoms from equilibrium positions (R ) and orderings of magnetic moments (M ) (for k=(0,0,1) and τ 1 ), calculated for 32f position in Fm3m (IT 225) space group are shown. For atoms: f1, f4, f6, f7, f10, f11, f13, f16, f18, f19, f21, f24, f25, f28, f30, f31:
For atoms: f2,f3, f5, f8, f9, f12, f14, f15, f17, f20, f22, f23, f26, f27,f29, f32: 
Summary
The symmetry analysis made for the R 6 M 23 family hydrates confirms the possibility of the leading structure with primitive tetragonal P4/mmm space group symmetry and positions of atoms as indicated in [4] as the result of hydrogenation (deuterisation). The accompanying magnetic transition occurring around 175 K is reported in [4] as collinear antiferromagnetic, where only the Mn atoms localized on 4b and 32f (in Fm3m description) positions have non zero magnetic moments. In the P4/mmm description of the structure, this proposed magnetic ordering corresponds to the Mn moments on the b and t 2 6 Mn 23 D 23 the magnetic structure should be antiferromagnetic (as in the experiment), but noncollinear. The symmetry analysis -as had been shown in our paper -indicates that the collinear antiferromagnetic ordering and structural deformation to P4/mmm is not possible at the same temperature, because they do not belong to the same irreducible representation. The collinear antiferromagnetic ordering is allowed by the τ 8 and τ 9 IR-s with k=(0,0,0) no sets of mixing coefficients for these representations lead to the P4/mmm crystal structure. As had been shown the deformation to P4/mmm structure is allowed by τ 1 irreducible representation belonging to k=(0,0,1 
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Appendix A
For atoms: j2, j3, j5, j8, j25, j28, j30, j31, j49, j52, j54, j55, j74, j75, j77, j80:
Orbits2 (32 at.) P 2 1 -version c 1 2 1 =C For atoms: j9, j10, j35, j36, j59, j60, j81, j82: R = (C,0,0) For atoms: j11, j12, j33, j34, j57, j58, j83, j84: R = (-C,0,0) For atoms: j21, j23, j46, j48, j70, j72, j93, j95: R = (0,-C,0) For atoms: j22, j24, j45, j47, j69, j71, j94, j96: R = (0,C,0) P 2 2 -version c 1 2 2 =D For atoms: j9, j11, j34, j36, j58, j60, j81, j83: R = (0,D,0) For atoms: j10, j12, j33, j35, j57, j59, j82, j84: R = (0,-D,0) For atoms: j21, j22, j47, j48, j71, j72, j93, j94: R = (-D,0,0) For atoms: j23, j24, j45, j46, j69, j70, j95, j96: R = (D,0,0) Orbits3 (32 at.) P 3 1 -version c 1 3 1 =E For atoms: j13,j14, j39, j40, j63, j64, j85, j86: R = (E,0,0) For atoms: j15, j16, j37, j38, j61, j62, j87, j88: R = (-E,0,0) For atoms: j17, j19, j42, j44, j66, j68, j89, j91: R = (0,-E,0) For atoms: j18, j20, j41, j43, j65, j67, j90, j92: R = (0,E,0) P 3 2 -version c 1 3 2 =F For atoms: j13, j16, j18, j19, j38, j39, j41, j44, j62, j63, j65, j68, j85, j88, j90, j91: R = (0,0,F) For atoms: j14, j15, j17, j20, j37, j40, j42, j43, j61, j64, j66, j67, j86, j87, j89, j92: R = (0,0,-F) For atoms: k1, k2, k3, k4, k5, k6, k7, k8, k73, k74, k75, k76 , k77, k78, k79, k80 : ∆P = +C For atoms: k25, k26, k27, k28, k29, k30, k31, k32, k49, k50, k51, k52, k53, k54, k55, k56: ∆P = -C Orbits 2 (64 at.) c 1 2 =C' For atoms: from k9 to k24 and from k81 to k96: ∆P = +C' For atoms: from k33 to k48 and from k57 to k72: ∆P = -C' Polar P Orbits1 (32 at.) P 1 1 -version c 1 1 1 =A For atoms: k1, k8, k28, k29, k52, k53, 73, k80:R =(A,A,0) For atoms:k4, k5,k25, k32, k49, k56, k76, k77:R =(-A,-A,0) For atoms:k2, k7, k27, k30, k51, k54, k74, k79:R = (A,-A,0) For atoms: k3, k6, k26, k31, k50, k55, k75, k78:R =(-A,A,0) P 1 2 -version c 1 1 2 =B For atoms: k1, k4, k6, k7, k26, k27, k29, k32, k50, k51, k53, k56, k73, k76, k78, k79: R = (0,0,B) For atoms: k2, k3, k5, k8, k25, k28, k30, k31, k49, k52, k54, k55, k74, k75, k77, k80: R = (0,0,-B) Orbits2 (64 at.) P 2 1 -version c 1 2 1 =C For atoms: k9, k10, k19, k20, k35, k36, k41, k42, k59, k60, k65, k66, k81, k82, k91, k92: R = (C,0,0) For atoms: k11, k12, k17, k18, k33, k34, k43, k44, k57, k58, k67, k68, k83, k84, k89, k90: R = (-C,0,0) For atoms: k13, k15, k22, k24, k38, k40, k45, k47, k62, k64, k69, k71, k85, k87, k94, k96: R = (0,C,0) For atoms: k14, k16, k21, k23, k37, k39, k46, k48, k61, k63, k70, k72, k86, k88, k93, k95: R = (0,-C,0) P 2 2 -version c 1 2 2 =D For atoms: k9, k11, k18, k20, k34, k36, k41, k43, k58, k60, k65, k67, k81, k83, k90, k92: R = (0,D,0) For atoms: k10, k12, k17, k19, k33, k35, k42, k44, k57, k59, k66, k68, k82, k84, k89, k91: R =(0,-D,0) For atoms: k13, k14, k23, k24, k39, k40, k45, k46, k63, k64, k69, k70, k85, k86, k95, k96: R = (D,0,0) For atoms: k15, k16, k21, k22, k37, k38, k47, k48, k61, k62, k71, k72, k87, k88, k93, k94: R =(-D,0,0) P 2 3 -version c 1 2 3 =E For atoms: k9, k12, k13, k16, k18, k19, k22, k23, k34, k35, k38, k39, k41, k44, k45, k48, k58, k59, k62, k63, k65, k68, k69, k72, k81, k84, k85, k88, k90, k91, k94, k95: R =(0,0,E) for atoms: k10, k11, k14, k15, k17, k20, k21, k24, k33, k36, k37, k40, k42, k43, k46, k47, k57, k60, k61, k64, k66, k67, k70, k71,k82, k83, k86, k87, k89, k92, k93, k96:R =(0,0,-E) -version For atoms: d1,d2, d7, d8, d13, d14, d19, d20: R = (A,0,0) For atoms: d3, d4, d9, d10, d15, d16, d21, d22: R = (0,0,A) For atoms: d5, d6, d11, d12, d17, d18, d23, d24:R = (0,A,0) P 2 -version For atoms: d1,d2, d7, d8, d13, d14, d19, d20: R = (0,B,B) For atoms: d3, d4, d9, d10, d15, d16, d21, d22: R = (B,B,0) For atoms: d5, d6, d11, d12, d17, d18, d23, d24:R = (B,0,B) P 3 -version For atoms: d1, d7, d8, d13: R = (0,C,0) For atoms: d2, d14,d19, d20: R = (0,-C,0) For atoms: d3, d9, 10, d15: R = (C,C,0) For atoms: d4, d16, d21, d22: R = (-C,-C,0) For atoms: d5, d11, d12, d17: R = (C,0,C) For atoms: d6, d18, d23, d24: R = (-C,0,-C) Table A. 
